Introduction
Forests emit a wide range of volatile organ ic compounds (VOCs), mainly isoprenoids (e.g., Kesselmeier & Staudt 1999) . Iso prenoids may provide enhanced leaf thermo tolerance (Sharkey & Singsaas 1995) , and/or may scavenge ozone and help provide pro tection against oxidative stress (Loreto & Velikova 2001 ) but none of these hypothesis have been proved beyond reasonable doubt. Some isoprenoids are also active molecules in plant defense against biotic stresses, deter ring herbivores from feeding and protecting wounded parts of the plants from invasion by bacteria and fungi (Holopainen 2004) .
Biogenic VOC emission rates can also have direct and indirect effects on the carbon cycle at terrestrial level. A direct effect oc curs because a part of the carbon assimilated by plants through photosynthesis is immedi ately re-emitted in the atmosphere as bio genic VOCs. In general about 1-2% of the carbon fixed by photosynthesis is released as isoprene by leaves (Sharkey & Yeh 2001) , and this percentage can increase dramatically in stressed plants (Sharkey & Loreto 1993) . The indirect effect of biogenic VOCs on the carbon cycle is linked to the high reactivity of these compounds with anthropogenic and natural compounds (mainly NOx) leading to high ozone episodes and photochemical smog, particularly during periods of high ra diation and temperature, when biogenic VOC emissions are usually high (Chameides et al. 1988 ). This in turn causes the accumu lation of slowly reacting compounds, such as CH4 and CO2, thus indirectly potentially con tributing to the global warming associated to the build-up of greenhouse gases in the at mosphere (Fehsenfeld et al. 1992 ).
In the context of global climate change, there is therefore considerable interest in un derstanding how isoprenoids emission may change in the future, especially in response to CO2 concentration increase. The predicted increase of atmospheric CO2 concentration is expected to increase photosynthetic rates in C3 plants both by increasing the rate of car bon fixation and by reducing photorespirato ry loss of carbon (Drake et al. 1997) . How ever, in the long term, elevated CO2 may lead to a decline in the concentration of Ru bisco and pigments of the light-harvesting system, resulting in a down-regulation of photosynthetic capacity (Drake et al. 1997) .
Unlike photosynthesis, phytogenic iso prenoid emissions are relatively insensitive to, or are even negatively affected by elevat ed CO2 (Sharkey & Yeh 2001 , Loreto et al. 2001a . Sharkey et al. (1991) found that the basal emission in Populus tremuloides seedlings grown in growth chambers was re duced by 30-40% in response to elevated CO2 (900 ppm). A similar result was ob tained in a cottonwood (Populus deltoides) plantation exposed to elevated CO2 (Rosen stiel et al. 2003) . Other reports, however, do not show such a reduction of isoprene emis sion upon growth at elevated CO2. As Rosenstiel et al. (2003) showed, increased CO2 may uncouple photosynthetic process from isoprene emission process as a conse quence of different isoprene synthase activi ty or reduced synthase substrate (i.e., dimethylallyl diphosphate, DMAPP) avail ability. Moreover, elevated CO2 exposure may vary isoprene emission altering the par tioning of phosphoenolpyruvate (PEP) be tween mitochondrial and chloroplastic pro cess.
To further investigate the interesting, and apparently often conflicting, response of iso prene to elevated CO2, we set up an experi mental system which allowed us to study how growth of expanded leaves at elevated CO2 affects the isoprene emission, as well as primary metabolism, of new leaves expand ing at ambient CO2. Specifically, we wanted to investigate whether the negative impact of elevated CO2 on isoprene emission could give origin to a metabolic signal affecting isoprene emission of other parts of the same plant not directly exposed to elevated CO2.
Materials and Methods

Plant material and experimental set up
Poplar (Populus alba) saplings were grown in a greenhouse during April-July at CNR re search area (Monterotondo, 42° N, Italy). The greenhouse was shaded to reduce tem perature during summer. The average tem perature during the day increased from 27°C in April to 33°C in July while the light inten Abstract: We used a novel system of branch enclosures to study the impact of elevated CO2 (900 ppm) on the gas-exchange characteristics of developed and developing leaves of white poplar (Populus alba L.), as well as of leaves subse quently developing at ambient CO2, outside the enclosures in which the CO2 concentration was raised. We found no significant effect of elevated CO2 on photosynthesis, respiration and isoprene emission, as the rates of developed and developing leaves inside the enclosures, and of leaves developing outside the enclosures, were similar to those recorded using enclosures maintained at ambient CO2. The enclosure system, however, largely influenced the rates of gas-exchange. In fact, leaves already developed inside the enclosures showed rates of photosynthesis, stomatal conductance, and isoprene emission higher than leaves developing inside the enclosures, and also higher than leaves de veloping outside the enclosure. These differences were caused by a higher ef ficiency in the light use and by a higher Ribulose 1,5 bisphosphate carboxylase (Rubisco) activity in leaves fully developed inside enclosures than in the other leaf classes. The experiment overall suggests that branch enclosures may alter the physiology of the plants, reducing or counteracting the impact of elevated CO2, which we predicted to stimulate photosynthesis and uncouple isoprene emission from photosynthesis. This may be an important bias against the use of enclosure systems for studies of the impact of environmental constraints and global change factors on physiological features. Keywords: Populus alba, elevated CO2, branch enclosure, photosynthesis, iso prene emission sity at the plant levels never exceeded 1000 μmol photons m -2 s -1 during bright, sunny days (> 80% of the days during which the experiment was carried out).
When three to four leaves developed (at the beginning of June), the branches were en closed in soft transparent Teflon bags (2 L vol) mounted on a plastic frame to avoid di rect contact of the film with the leaves. The bags were flown with 3 L min -1 air contain ing a RH of 50-70 % and ambient (380 ppm) or elevated CO2 concentrations (900 ppm). Elevated CO2 was obtained diluting pure CO2 gas cylinders with ambient air using mass flow controllers. The upper bud was not enclosed in the bag but was allowed to develop at ambient CO2 and three to four new leaves were expanded outside the bag by the end of the experiment (after 30 days). At this moment we measured the gas ex change of CO2, H2O and isoprene, and chlorophyll fluorescence, from the following three classes of leaves: a) leaves expanded ex novo at ambient conditions outside the bags; b) developed leaves which were en closed in the bags and exposed to elevated CO2); c) leaves developing inside the bags at elevated CO2 during the experiment and not developed at the beginning of the experi ment. These leaves will be referred to as A, B, and C, respectively.
Gas-exchange measurements
Gas exchange measurements were per formed after a 30-days long fumigation, by temporary removing the leaves B and C from the bags while this was not needed for leaves of class A. A portion of the leaf was clamped in the cuvette of a portable Li-Cor 6400 (LiCor, Lincoln, NE, USA) gas exchange sys tem as described by Scholefield et al. (2004) . This system allows very fast changes of CO2 concentration (380 ppm or 900 ppm) and source ( 12 CO2 or 13 CO2) or light intensity while controlling all other environmental pa rameters. Photosynthesis (A), stomatal con ductance (gs ), transpiration (Tr), intercellu lar CO2 concentration (Ci), and mitochondri al respiration in the dark (Rn) and in the light (Rd) were measured both at normal and ele vated CO2 while maintaining leaves at 30 °C, and at a light intensity of 1000 μmol photons m -2 s -1
. As described by Loreto et al. (2001b) , mitochondrial respiration in the light was di rectly measured monitoring the 12 CO2 emis sion from illuminated leaves exposed to air containing 13 CO2 using a LI-800 CO2 anal yser (Li-Cor, Lincoln, NE, USA) which has a low sensitivity to 13 CO2. In other experi ments, CO2 and light intensity were varied to investigate the responses to these two param eters of the leaves of the three classes.
Measurements were carried out in the morning (10.00 -12.00 h) to avoid variations caused by daily trends of photosynthesis and isoprene emission in response to physiologi cal (e.g., starch accumulation) or environ mental (e.g., light, temperature) factors.
Isoprene emission measurements
Isoprene emission was sampled when other gas exchange parameters were stable by di verting a part of the air exiting the gas-ex change cuvette system, as explained by Sc holefield et al. (2004) .
This flow was diverted into a PTR-MS (Proton Transfer Reaction Mass Spectrome ter, Ionicon, Innsbruck, Austria) which al lowed real-time detection (with response times less than 100ms) of isoprene, avoiding the need to specific sample preparation be fore injection into the inlet. This technique also allows very low fragmentation and high detection sensitivity (Lindinger et al. 1998) . Validation of isoprene measurements by PTR-MS was performed using an isoprene certified standard (70 ppb) previously quan tified by GC (Syntech Spectras, Groeningen, The Netherlands).
Statistical analysis
The experiments were repeated on at least five different leaves of different plants. Means and standard deviations are present ed. ANOVA was first used to test signifi cance of differences between treatments (CO2 levels). Since these treatments were not statistically significant, ANOVA was again used to separate means of the three leaf classes (t-test, P < 0.05 or 0.10).
Results
After a 30-d long growth in our experimen tal system, leaves of class C (those leaves expanded ex novo inside the bags) showed photosynthetic rates lower than in leaves of class A (newly expanding outside the cu vette) and B (already expanded inside the cu vette at the beginning of the treatment). This effect was observed both when measuring photosynthesis at ambient (Fig. 1a) or elevat ed CO2 (Fig. 1b) . However, exposure to ele vated CO2 in the bag did not influence per se iForest (2008) 1: 49-54 Fig. 1 -Photosynthetic rate measured at 380 ppm CO2 (A) or at 900 ppm CO2 (B). Other ex perimental conditions as defined in the text. Black and grey bars represent leaves grown at 380 and 900 ppm, respectively. The three leaf classes are identified by capital letters: A = leaves developing at ambient CO2 (380 ppm) above the enclosures; B = leaves already devel oped inside the enclosure at the beginning of the treatment; C = leaves developing inside the enclosure during the treatment (ontogenetically similar to A leaves). Means + standard devi ations (n = 5) is shown. Treatment (CO2 levels) means were not statistically different (t-test). Differences between means of the three leaf classes (t-test) are reported with different letters (single letter, P < 0.05, double letters P < 0.10). photosynthesis, as indicated by the non sig nificantly different photosynthetic rates ob served on leaves of each class developing from bags exposed at ambient or elevated CO2.
The stomatal conductance of class C leaves was also lower than in the other two leaf classes, when assayed both at ambient (Fig.  2a) or elevated CO2 (Fig. 2b) . As for photo synthesis, the stomatal conductance of leaves exposed to elevated CO2 in the bags was not further reduced with respect to leaves ex posed to ambient CO2.
However, analysis of the response of pho tosynthesis to different CO2 and light levels, identified limitations different than at stom atal level. In particular, the slope of the CO2 response of C leaf photosynthetic rates was much lower than in B leaves, independently of the CO2 concentration experienced by the leaves during growth (Fig. 3) . The leaves of class A showed rates intermediate between those of the two classes grown in the bags.
Similar to the CO2 response, leaves of class C and B showed the lowest and highest rates of photosynthesis (respectively) at high light intensity (Fig. 4) . The light response of pho tosynthesis was similar in the leaves grown at ambient or elevated CO2, and was similar in the three leaf classes in the range of linear response (at low light), denoting no large differences in the efficiency of light use. However, B leaves showed the best response of photosynthesis at thigh light intensity, again suggesting that when light is not a lim iting factor the biochemistry of these leaves performed much better than in the other leaf classes of this study. The mitochondrial respiration measured in the dark (Fig. 5a ) and in the light (Fig. 5b ) also followed the same trend observed for photosynthesis and stomatal conductance, being lowest in C leaves and highest in B leaves. However, due to the high error of these measurements, the differences were not statistically significant. The respiration rates were not affected by the CO2 treatment, being similar in leaves grown at ambient or elevated CO2.
Isoprene emission was significantly re duced in C leaves in comparison to B leaves, with A leaves showing intermediate rates of emission (Fig. 6) . As in all other measure ments, this effect was not attributable to the CO2 concentration in the bags, as the rates were similar in leaves grown at ambient or elevated CO2.
Discussion
Research generally indicate that elevated CO2 positively affects photosynthesis, espe cially when exposure is limited to short peri ods (minutes to days -Stitt 1991) . Surpris ingly, we did not observe such an effect in our experiment. Elevated CO2 should also af fect negatively stomatal conductance. The Fig. 1 leg end. Fig. 3 -Relationship between photosynthesis and intercellular CO2 concentration in leaves developing at ambient CO2 (380 ppm) above the enclosures (class A leaves = circles); in leaves developing inside the enclosure during the treatment (ontogenetically similar to A leaves) (class C leaves = squares); and in leaves already developed inside the enclosure at the beginning of the treatment (class B leaves = triangles). The mean of 10 measurements are shown, with standard deviations always < 10% of the reported means. The measurements re fer to both CO2 treatments (380 or 900 ppm CO2 in the enclosures) since the two CO2 levels did not cause significant differences in the CO2 response of photosynthesis.
inverse effects on photosynthesis and stom atal conductance generally improve the wa ter use efficiency of plants exposed or grown at elevated CO2 (Drake et al. 1997 ). Again, this was not observed in our experiment. Since the experiment did not yield differ ences in the physiological parameters of leaves exposed to the treatment, we were not surprised to observe no difference in these parameters also in leaves developing outside the bags (class A leaves), independently on their development from enclosures exposed to ambient or elevated CO2. We speculate that the effect of CO2 was somehow reduced or counteracted by a si multaneous, strong, effect of the enclosures. We have recorded, during bright, sunny days, temperatures up to 2°C warmer and a 25% light attenuation inside the bags with respect to outside. The combined effect of these two variants might have decreased photosynthesis, favoring photorespiration in stead. Interestingly, however, bag enclosures caused an opposite effect on the gas ex change of leaves depending on their ontoge ny. In leaves already expanded (class B), the exchange of CO2, water and isoprene was higher than in leaves developing outside the bags. In new leaves developing during the experiment in the bags (class C) all gas-ex changes were down-regulated with respect to the other leaf classes.
The stomata of C leaves were less open than in the other two classes of leaves. How ever, we do not believe that this may have limited photosynthesis in C leaves since the calculated intercellular CO2 concentration was similar in all leaf classes (180 + 20 ppm, data not shown). Rather, the activity of ribu lose 1-5 bisphosphate carboxylase (Rubisco) was reduced in C leaves. This was clearly in dicated by the slope of the relationship be tween photosynthesis and intercellular CO2 concentration (Farquhar et al. 1980) , which was lower in C leaves than in the other leaf types. Consistent with other gas-exchange measurements, B leaves showed the steeper slope and, consequently, the highest Rubisco activity among the different classes. B leaves also showed a clearly larger photosynthetic rate at high light intensity with respect to the other leaf classes, denoting again a better use of CO2 (i.e., a more efficient biochemistry) under non-limiting light intensity. It remains to be understood what has caused the chain of biochemical adjustment in turn leading to contrasting physiological response in leaf de veloping and developed inside the enclosure. The different leaf age may be invoked as the main factor driving contrasting responses of leaf class B and C to the enclosure. Howev er, it is interesting to note that leaves of class A and C leaves were of similar age, both ex panding during the experiment outside (class A) or inside (class C) the enclosures. This Fig. 4 -Relationship between photosynthesis and light intensity in leaves developing at am bient CO2 (380 ppm) above the enclosures (class A leaves = circles); in leaves developing in side the enclosure during the treatment (ontogenetically similar to A leaves) (class C leaves = squares); and in leaves already developed inside the enclosure at the beginning of the treat ment (class B leaves = triangles). The mean of 10 measurements are shown, with standard deviations always < 10% of the reported means. The measurements refer to both CO2 treat ments (380 or 900 ppm CO2 in the enclosures) since the two CO2 levels did not cause signifi cant differences in the light response of photosynthesis. suggest no effect of leaf ontogeny on the re ported differences, although it remains to be tested by using other markers (e.g., anatomi cal), whether leaves expanding in the enclo sures developed more slowly than those growing outside the enclosures.
The main objective of our study was the in vestigation of the impact of elevated CO2 on isoprene emission from leaves directly ex posed to the enrichment or developing at am bient CO2 but from leaves exposed to elevat ed CO2. Isoprene is formed predominantly from photosynthetic carbon fixation (Sharkey & Yeh 2001) and it was expected that the two processes be simultaneously stimulated by increasing availability of CO2. However, exposure to or growth at elevated CO2 often reduce isoprenoid emission by vegetation (Loreto & Sharkey 1990 , Loreto et al. 2001a , Scholefield et al. 2004 , Rosen stiel et al. 2003 , with few exceptions (e.g., Sharkey et al. 1991 , Rapparini et al. 2001 . This uncoupling between the two processes may be due to an inhibition of isoprene syn thase activity under elevated CO2 (Schole field et al. 2004) or to a reduction of the availability of isoprene synthase substrate (predominantly dimethylallyl diphosphate (DMADP), Rosenstiel et al. 2003) . Accord ing to Rosenstiel et al. (2003) DMADP shortage could be due to the competition of mitochondrial respiration for the same sub strate. Larger rates of mitochondrial respira tion in fact require an increased conversion of phosphoenolpyruvate (PEP) to pyruvate under elevated CO2. Therefore, elevated CO2 may vary isoprene emission by altering the partitioning of PEP between mitochondrial and chloroplastic process. In our experiment, however, elevated CO2 did not cause any de crease of isoprene emission, either in leaves developed or developing at elevated CO2 (class B and C), or in leaves developing at ambient CO2 (class A). The emission rates of isoprene of the three leaf classes were asso ciated to photosynthesis, suggesting that the rates of photosynthetic carbon fixation drive, and control, isoprene synthesis in all condi tions. Thus, the effect of elevated CO2 per se on isoprene emission remains ambiguous, and it may be possible that future environ mental conditions will not down-regulate isoprene emission by vegetation as speculat ed by other authors (Rosenstiel et al. 2003) . Contrary to our expectations, isoprene emis sion rates were also associated to the rates of mitochondrial respiration. We performed measurements of the respiration in the light, under the ground that these are the actual rates when isoprene biosynthesis occurs, and may be lower than in the dark (Loreto et al. 2001b) . However, also the rates of mito chondrial respiration in the light were close ly associated to isoprene emission, which does not support the hypothesis that pyruvate requirement by respiration competes with isoprene and controls isoprene emission, es pecially at elevated CO2.
It is interesting to observe that many exper iments in which the inhibition of isoprene by elevated CO2 was not observed, were based on branch enclosure long-term measure ments (e.g., Rapparini et al. 2004) . We there fore also put forward the suggestion that branch enclosures strongly and independent ly affect many physiological features, and do not offer representative indications of the ac tual impact of elevated CO2 on primary and secondary carbon metabolism in nature.
In summary, our experiment shows that growth at elevated CO2 may not perturb pri mary carbon exchange by photosynthesis and respiration and emission of carbon as secondary metabolite (isoprene) in either de veloped or developing leaves, or in leaves expanding at ambient CO2 above those grown at elevated CO2, at least when only a part of the plant is exposed to elevated CO2 in enclosures. The experiment suggests, however, that the enclosure system may have a profound effect on primary and secondary metabolism, negatively or positively altering the rates of gas-exchange in developed and developing leaves, respectively. This should be considered in further experiments based on enclosure systems. 
